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INTRODUCTION 


As part of NASA's recent prograir. for developing new air- 
foil sections for general aviation applications (Ref. 1), Wichita 
State University is conducting flap and control surface research 
for the new airfoils. This report documents two-dimensional wind 
tunnel tests of the GA.(W)-2 airfoil section with: (a) 20% chord 

aileron; (b) 25% chord slotted flap, (c) 30% chord Fowler flap; 

and (d) 10% chord slot-lip spoiler. 

All experimental tests reported herein were conducted in 
the Walter Beech Memorial Wind Tunnel at Wichita State Univer- 
sity. High Reynolds number tests of the GA{W)-2 airfoil have 
been reported in reference 2. 


SYMBOLS 

The force and moment data have been referred to the .25c 
location on the flap-nested airfoil. Dimensional quantities 
are given in both International (SI) Units and U.S. Customary 
Units. Measurements were made in U.S. Customary Units. Con- 
version factors between the various units may be found in ref- 
erence 3. The symbols used in the present report are defined 
as follows; 


c Airfoil reference chord (flap-nested) 

c Airfoil forv'ard section chord 

a 

c. Airfoil section drag coefficient, section drag/ 
(dynamic pressure x chord) 

Cj Flap chord 

c. Control surface m.oment coefficient about hingeline, 

^ section moment/ (dynamic pressure x reference chord^) 

Airfoil section lift coefficient, section lift/ 
(dynamic pressure x chord) 
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Cj* Lift coefficient based upon airfoil plus flap chord, 

c Airfoil section pitching inoFent coefficient with re- 
^ spect to the .25c location, section moment/ (dynamic 
pressure x chord2) 

c Coefficient of pressure, (p-p ) /dynamic pressure 

p ^ 

h Spoiler projection height normal to local contour 
p Pressure 

X Coordinate parallel to airfoil chord 
z Coordinate normal to airfoil chord 

a Angle of attack, degrees 

A Increment 

6 Rotation of surface from nested position, degrees. 

Subscripts : 

a Aileron 

f Flap 

max Maximum 

n Nose 

p Pivot 

s Spoiler 

» Free stream condition 


APPARATUS AND TEST METHODS 
Model Description 

The GA(W)-2 airfoil section is a 13% maximum thickness 
section derived from the 17% thick GA(W)-1 section (Ref, 4). 
For tests in the WSU two-dimensional facility, the models are 
sized with 91.4 cm (36 inch) span and 61.0 cm (24 inch) chord. 
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The forward 70% of the airfoil was fabricated from laminated 
mahogany bonded to a 2.5 cm x 34.8 cm (1 inch x 13.7 inch) 
aluminum spar. Trailing edge sections were fabricated from 
solid aluminum for each trailing edge device. Configuration 
geometric details are given in figure 1. 

The 20% chord aileron is designed with a 0.5% leading- 
edge clearance gap. Earlier tests (Ref. 5) have shown that 
a gap this size has little effect on aileron performance. 

The 25% slotted flap design is used with an airfoil forward 
section terminating at 87.5% chord. The 30% Fowler flap is 
fitted with an airfoil forward section which extends to the 
full 100% chord location. The 10% spoiler is arranged in a 
slot-lip configuration with the 25% slotted flap. 

All models are equipped v;ith 1.07 mm (. 042 inch) diameter 
pressure taps for pressure distribution surveys. Flap and aile- 
ron positioning is provided through a set of guide rails mounted 
on the outside of the end plate disks (external to the test sec- 
tion) . 

Test models are attached to the tunnel main balance sys- 
tem through a set of 1.07 m (42 inch) diam.e ter aluminum end 
plate disks. Model pivot location is the airfoil 50% chord 
station. The end plates are fitted with foam seals around 
the circumference. The seals are carefully adjusted during 
static calibration to avoid interference friction forces. 

Instrumentation 

The tunnel is equipped with an automated data system 
which converts analog force and pressure transducer output 
signals to digital form, and records the data on punched 
cards. Force measurements are made using a pyramidal balance. 
Computation work is done through the University Digital Com- 
puting Center. 
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Test Procedure 


Lift, drag and pitching moirent data are obtained from 
direct force measurements. For each airfoil section to be 
tested, a wake survey is conducted with a traversing 5-tube 
probe (Ref. 6) to obtain section total drag coefficient as a 
function of lift coefficient. The difference between the wake 
survey drag and the balance force measured drag is end plate 
tare including interference. The drag measurement is compli- 
cated by the fact that the wake survey method cannot be used 
with flaps or ailerons because of rotational losses in the 
wake. Therefore the flap-nested end plate tare is subtracted 
from ail measured drag force data obtained with flaps or aile- 
rons deployed. By extrapolating the end plate tare curve in 
a conservative fashion, it is possible to obtain satisfactory 
drag information for any flap or aileron setting. The mea- 
surement accuracy is aided by the fact that end plate tare is 
a sm.all proportion of total drag when high lift devices are 
employed. All force measurem.ents have been corrected for wind 
tunnel wall effects using the linear correction techniques 
given in reference 7. At the high lift coefficient conditions 
associated with high flap deflections, these corrections are 
significant. All tests were conducted at a Reynolds number 
of 2.2 X 10^ and Mach number of 0.13. 


^'Jind Tunnel 

The WSU Walter Beech Tunnel is a closed return tunnel with 
atmospheric test section static pressure. The test section 
with two-dimensional inserts is 0.91 m x 2.13 m (3 ft x 7 ft). 
Complete description of the insert and calibration details 
are given in reference 8. 
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TEST RESULTS 


Flap Nested 

For the WSU GA(W)-1 research, transition strips were 
located at 5% chord on upper and lower surfaces. However, 
pressure studies with the GA(W)-1 airfoil indicated that 
for large flap deflections the lower surface stagnation 
point was located as far aft as 7% or 8% chord. In order 
to provide more positive lower surface transition fixing 
for the present tests, the strips were located at 5% on 
the upper surface and 10% on the lov;er surface. 

Comparisons of WSU data with NASA data for the flap- 
nested configuration are shown in figure 2. The lift and 
pitching m.oment data agree extremely well, even including 
stalling effects. It is noted that at low lift coefficients 
the WSU tests indicate slightly higher drag values, and at 
moderate lift coefficients somewhat lower drag values than 
the NASA tests. Overall agreement is considered quite good, 
however. 


20% Aileron 

Effects of a 20% aileron applied to the GA(W)-2 airfoil 
are shown in figure 3. Control effectiveness is very similar 
to data obtained for a similar aileron applied to the GA(W)-1 
section (Ref. 5) . 

For the zero aileron deflection case, lift coefficient 
data are presented for aileron gap sealed as well as 0.5% 
aileron gap. These data show that the gap causes a progres- 
sive loss in lift as angle of attack is increased from 0® to 
12®. For higher angles the unsealed gap provides an increase 
in lift. Evidently the slot flow provides boundary layer con- 
trol which delays the separation. 
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Effects of the 0.5% gao on drag are shown in figure 3(b), 
These data show that at low lift coefficients (c^ < 1.5) a 
gap leak penalty of Ac^ = .0020 (approximately) is present. 

At higher lift coefficients a slight drag reduction is observed, 
since the gap delays stalling. The data also show that the gap 
leak drag penalty at cruise could be offset by 5° up-rigging 
of the aileron. A substantial loss in ^^^^^ ( Ac^^^^ = -.17) 
would be the penalty for this arrangement. 

25% Slotted Flap 

This flap is called a "slotted flap" because it has less 

than full flap chord overlap in the nested position. It was 

designed to provide a portion of the high-lift capabilities 

of the 30% Fowler flap with considerably shorter flap tracks 

and consequently simpler structure, and as a candidate for a 

slot-lip spoiler design of reasonable thickness. Flap settings 

and lift, drag and pitching m.oment performance are shown in 

figure 4. For both 35" and 40" flap deflections, a of 

3.35 is obtained. For 30", 35°, and 40° flap, the results 

show a peculiar non-linearity in the c^^ vs. alpha curve with 

an increasing slope just prior to stall. This effect has 

been observed in other research (Ref. 9) , but the reasons for 

the behavior are not clear. Contour plots of c, for vari- 

> max 

ous gap and overlap settings (figure 5) show trends very sim- 
ilar to GA(W)-1 flap optimization contours (Ref. 10) and to 
earlier NACA slotted flap research (Refs. 11 and 12) . For 
highest values, overlap is near zero and gap opening 

ranges from 1% to 3% chord. 

For practical flap track design, some compromises to op- 
timum aerodynamic performance are necessary. For the present 
case the following design guides were invoked: 

(1) For 10° deflection, no attempt was made to optimize 
overlap. An intermediate overlap position was selected and 
tests were conducted to determine optimum aap opening. These 
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tests showed that was very insensitive to gap opening. 

Therefore an intermediate gap opening was selected. 

(2) For 20® deflection, the highest measured oc- 

curred at a position more aft than optimum 30° and 35° set- 
tings (fig. 5). The gradients are mild, however, and locating 
the flap in a more practical position results in only 0.02 
loss in Therefore the more practical (forward) posi- 

tion was used. 

(3) For 30°, 35° and 40° flap deflections the gradients 
are substantial, and the flap is located at the optimum posi- 
tion for each deflection. 

In order to facilitate sealing the flap slot at zero de- 
flection to minim.ize cruise drag, the slot for this flap was 
designed with a sharp entry lip. Earlier research (ref. 12) 
indicates that entry lip shape has little effect on but 

does influence optimum gap and overlap settings. A moderately 
rounded lip was tested on the present model, after optimiza- 
tion had been conducted with the sharp lip. Results show a 

loss in c„ of 0.21 for the rounded lip without re-optim.iz- 
£max ^ 

ing gap and overlap (fig. 6) . 


30% Fowler Flap 

A 30% Fowler flap was designed for the GA(W)-2 airfoil, 
similar to a flap developed for the GA(W)-1 airfoil. Results 
of optimum flap-extended tests are shown in figure 7. These 
data show that a c. 


'£max 3.82 is obtained with 40° flap de- 
; aim 

was obtained with the GA(W)-1 airfoil with the Fowler flap. 
Since the unflapped section for the GA(W)-2 airfoil i 

greater than for the GA(W)-1, the increment in c 


flection. This is almost exactly the same value of c„ that 

£max 


'£max 


due to 


flap deflection is reduced. 

Experimental studies were conducted to determine optimum, 
gap and overlap for 40° and 50° flan deflections. Results of 
these tests are shown in the contour plots of figure 8. These 
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data are useful in determining penalties associated with non- 
optimum. flap settings. For any flap deflection, the highest 
c, will occur with nearly zero overlap since this configura- 
tion maximizes effective chord. Optimum .gaps are 2 to 3%. For 
practical flap track design, however, it is of interest to know 
an optimum gap for intermediate flap positions. For this reason 
a series of runs were m.ade with 10° and 20° deflections v;ith in- 
termediate overlap settings and various gaps. The recommended 
settings for 10° and 20° flap deflections (fig. 7) are based 
upon the results of these runs. 

Comparative Flap Effectiveness 

Flap effectiveness for the 20% aileron, 25% slotted flap 
and 30% Fowler flap are compared in figure 9. This graph illus- 
trates the increasing lift effectiveness available as flap sys- 
tem complexity increases from plain flap to slotted flap to 
Fowler flap. 

It is interesting to compare the relative merits of the pre 
sent flap designs to earlier designs. P common baseline for 
comparison is provided by referring lift coefficients to flap- 
extended chord. For simplicity in this analysis, extended ref- 
erence chord is taken as the sum of c and c^ (i.e., v.’ithout ac- 

a r 

counting for flap deflection). CaJ.houn (ref. 13) has suaqested 
comparing flapped airfoil data from earlier M?CA research (ref. 
12) with results of recent GA(W) airfoil research as shown in fi 
ure 10. These data show that the recent designs provide substan 
tially higher maximum lift coefficients than the earlier de- 
signs. It is an interesting coincidence that the c,/c ratio 
for the present 25% chord flap and 30% chord flaps are nearly 
identical. It is an experimental fact that the maxim.um lift 
coefficients based upon extended chord are nearly identical. 

It! would be interesting to evaluate flap designs of different 
c^/c^ ratio applied to the GA(W) airfoil family to determine 
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whether the expected trend applies for other flap chord ra- 
tios. The new flaps are generally more cambered than earlier 
designs. From the standpoint of retrofitting existing air- 
planes or making low cost changes to airplanes in current 
production, it would be interesting to know what performance 
could be obtained from a highly cambered trailing edge and 
flap applied to an "old" generation airfoil, and conversely 
what performance could be obtained from a "nev/" (GA-) air- 
foil leading edge applied to an old airfoil with moderately 
cambered trailing edge and flap. 

Tuft Patterns 

Tuft studies showing flow separation patterns for the 
basic GA(W)-2 section are shown in figure 11. These data 
show that the airfoil separates from the trailing edge for- 
ward . 

For flaps-down configurations with optimum flap settings 
(figs. 12 and 13), first separation occurs at the trailing 
edge of the main airfoil section, and moves progressively 
forward as angle of attack is increased. The flap flow ap- 
pears to have nearly incipient separation at low angles of 
attack, but shows improvement as angle of attack is increased. 
Flap flow remains attached through stall. 

10% Slot-Lip Spoiler 

Prior research with a spoiler applied to the GA(W)-1 
airfoil (refs. 14 and 15) revealed that locating a spoiler 
at some distance ahead of a large Fowler flap tended to re- 
sult in regions of near-zero or reversed control effective- 
ness for small deflections, and high drag penalties at cruise 
due to clearance gap leaks. Limited tests of a slot-lip 
spoiler applied to the GA(W)-1 (ref. 14) indicated that a 
slot- lip arrangement would provide more satisfactory control 
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response. Therefore a slot-lip spoiler was designed for eval- 
uation with the GA(W)-2 airfoil, in conjunction with the 25% 
slotted flap. The configuration selected for testing is shown 
in figure 1 (e) . 

The spoiler was designed with a hingeline on the airfoil 
upper surface to facilitate sealing, and with a lower surface 
contour designed to promote flow attachment to the lower sur- 
face when the spoiler is deployed. The brackets for spoiler 
attachment and setting were attached to the tunnel sidewall 
endplates to minimize interference. The spoiler was fitted 
with pressure taps for evaluation of hinge-moments. 

Effects of spoiler deflection on lift are shown in figure 
14 for various flap deflections. Incremental effects of spoil- 
er deflection are shown in figure 15. These data show positive 
control response (loss of lift) for even the sm.allest control 
deflection (2.5°) at all flap settings. The results are es- 
pecially encouraging in light of the earlier research, and 
clearly indicate the advantages of the slot-lip arrangement 
as opposed to a more forward spoiler location. 

The control response for sm.all spoiler deflections with 
30°, 35°, and 40“ flap deflections is so large that one ques- 
tions whether over-controlling might arise with this configu- 
ration. 

Flight research using a variable stability aircraft has 
been conducted by Ellis and Tilak (ref. 16) to explore the ef- 
fects of various non-linear control characteristic curves, in- 
cluding cases with steep initial gradients. This research indi- 
cates that a steep initial gradient is less satisfactory than a 
linear characteristic, but more satisfactory than an initially 
shallow gradient or dead band. 

In any case, potential problems related to too much control 
are probably easier to solve than too little control. For ex- 
ample, with the present configuration the problem might be mini- 
mized by limiting flap deflection to about 30° and utilizing a 
somewhat shorter spoiler chord. The penalty in c, for limiting 
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flap deflection to 30° is quite modest, amounting to only 

0.07 increment. 

Spoiler hinge moment data reflect trends very similar to 
those exhibited by spoilers applied to the GA(W)-1 airfoil. 

For zero spoiler deflection, relatively large opening moments 
are present, due to the aft camber of the GA(W) airfoils. For 
10° flap a peculiar non-linear hinge moment characteristic is 
observed at 20° spoiler. Reasons for this behavior are not 
clear, but it is speculated that the large overlap associated 
with the 10° flap setting m.ight lead to an unstable slot flow, 
with the flow attaching alternately to the flap and to the 
spoiler. The non-linearity was not observed in the spoiler 
control effectiveness tests. 

CONCLUSIONS 

1. The present wind tunnel tests provide a data base for 
designers for a 20% aileron, 25% and 30% flaps and a 10% spoil- 
er applied to the GA(VJ)-2 airfoil. 

2. Aileron performance with the GA(W)-2 section is quite 
consistent with ailerons applied to other airfoils. 

3. The GA(W)-2 airfoil provides significantly higher 

c performance than NACA airfoils, both with and without 

flaps. Performance with flaps is nearly identical to the 
GA(W)-1 section. 

4. A slot-lip spoiler applied to the GA(W)-2 airfoil 
section in combination with a slotted flap provides powerful, 
positive control at all flap settings. 


Aeronautical Engineering Department 
Wichita State University 
Wichita, Kansas 67208 
August, 1976 
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UPPER SURFACE 


LOWER SURFACE 


x/c 

z/c 

x/c 

z/c 

0000 

0.0000 

0.0000 

0.0000 

0020 

.0103 

. 0020 

-.0066 

0050 

. 0163 

. 0050 

-.0097 

0125 

. 0246 

.0125 

-.0144 

0250 

. 0336 

.0250 

-.0188 

0375 

. 0400 

. 0375 

-.0223 

0500 

. 0451 

. 0500 

-. 0250 

0750 

. 0528 

.0750 

-.0294 

1000 
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. 1000 

-.0328 
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. 0637 

. 1250 

-.0357 

1500 

.0677 

. 1500 

-.0380 
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2000 
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.2000 

-.0415 

2500 
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. 2500 

-.0438 

3000 
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. 3000 

-.0449 

3500 
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. 3500 

- . 0452 

4000 

. 0849 

.4000 

-.0449 

4500 

. 0846 

. 4500 

-.0437 

5000 

. 0833 

. 5000 
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5500 

. 0807 

.5500 
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. 0789 
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-.0362 

6000 
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-.0337 

6250 
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-.0307 

6500 

. 0708 

.6500 

-.0276 

6750 

. 0672 
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7000 
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. 7000 

-.0210 

7250 

. 0591 

. 7250 

-.0175 

7500 

. 0545 

. 7500 

-.0143 
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. 0497 
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-.0110 

8000 

. 0447 

. 8000 

-.0078 

8250 

. 0395 

. 8250 

-.0051 

8500 

.0341 

. 8500 

-.0028 

8750 

.0285 

. 8750 

-.0012 

9000 

. 0228 

.9000 

.0000 

9250 

.0170 

. 9250 

. 0001 

9500 

.0110 

. 9500 

-.0007 

9750 

. 0049 

. 9750 

-.0028 

0000 

-.0015 

1.0000 

-.0071 


(a) Basic GA(W)-2 Airfoil. 


Figure 1 - Geometry. 
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Figure 1 - Continued. 




Skirt #2 I 

.7625c 


Flap Upper Surface 


x/c z/c 


0.7500 
.7531 
. 7562 
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. 7625 
.7750 
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. 8125 
. 8250 
. 8375 
. 8500 
. 8625 
.8742 
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.8992 


- 0.0010 
0.0072 
.0109 
.0138 
.0164 
. 0234 
. 0276 
.0298 
.0307 
.0308 
.0306 
. 0302 
.0288 
. 0271 
. 0250 
.0229 


Nose Radius = 0.012c 


Nose Radius Location 

(x/c, z/c) *• (0. 762c, -0. 00087c) 

Note: Remainder of flap 

contour matches basic airfoil. 


Skirt #1 
Radius = 0 . 012c 

Location (x/c, z/c) = (0. 738c, -0. 00087c) 

(c) 25% Slotted Flap. 

Figure 1 - Continued. 
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Skirt 


Flap Upper Surface 


x/c 

z/c 

x/c 

z/c 

. 675 

-.0231 

.700 

-.0069 

. 680 

-.0215 

. 705 

.0030 

.685 

-.0204 

. 710 

. 0075 

. 690 

-.0158 

. 720 

. 0119 

.700 

-.0105 

. 740 

. 0171 

.705 

.0030 

.760 

. 0194 



.775 

.0190 



.800 

.0184 



.825 

.0172 



.850 

.0156 



.875 

.0137 



. 900 

.0114 



.925 

.0086 



.950 

.0051 



. 975 

. 0014 



1.000 

-.0044 


Nose Radius = 0.0117c 

Nose Radius Location (x/c,z/c) = (0 . 7119c , -0 . 0071c) 
Note: Remainder of Flap contour matches basic airfoil. 


(d) 30% Fowler Flap. 
Figure 1 - Continued. 
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(e) 10% Slot-lip Spoiler. 
Figure 1 - Concluded. 



Figure 2 - Basic Airfoil Data - Comparisons with NASA Data. 
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Note: With transition strips. 

(c) Drag. 

Figure 2 - Concluded. 
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(a) Lift. 
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Figure 3 - 20% Aileron Performance. 
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(b) Drag. 

Figure 3 - Continued. 
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(e) Incremental Drag. 
Figure 3 - Continued. 
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(a) Optimum Flap Settings. 
Figure 4 - 25% Slotted Flap Performance 
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(c) Drag. 

Figure 4 - Continued. 
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(b) 30® Flap Deflection. 

Figure 5 - Optimization of 25% Flap. 
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(c) 35* Flap Deflection. 
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Figure 5 - Concluded. 
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(b) 20” Flap Deflection, 
Figure 13 - Continued. 
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(c) 30“ Flap Deflection 
Figure 13 - Continued. 
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(d) 40® Flap Deflection. 
Figure 13 - Concluded. 





_ (si) Flap Nested. 


Pigtire 14 - Effects of Spoiler Deflection on Lift for 25% Flap. 
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(c) 20* Flap Deflection. 
Figure 14 - Continued. 
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(e) 35® Flap Deflection. 

Figure 14 - Continued. 
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